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Аннотация. Рост потребления качественной стали диктует необходимость увеличения количества стали, проходящей процесс вакуумиро-

вания, так как обработка стального расплава под вакуумом улучшает ее свойства за счет уменьшения в ней газовых и неметаллических 
включений. Однако рост цен на топливо и стремление к переходу на безуглеродную металлургию требуют снижения энергоемкости и, как 
следствие, сокращения потребления энергоресурсов. Достичь этого можно переходом на непрерывное производство, сокращая период 
технологического простоя высокотемпературного оборудования, температура которого должна поддерживаться для увеличения срока 
службы футеровки и повышения качества конечного продукта. Однако для перехода на непрерывное сталеплавильное производство 
требуется разработка ряда новых технологических узлов, способных функционировать в рамках сталеплавильного агрегата непрерыв-
ного действия, в том числе и агрегата внепечной обработки расплава. Целью работы является разработка теоретических основ для узла 
внепечной обработки стального расплава, включающего в себя вакууматор непрерывного действия. В работе представлен узел внепечной 
обработки стального расплава с вакууматором непрерывного действия П-образного типа, являющийся частью агрегата непрерывного 
жидкофазного восстановления железа производительностью 10 т/ч для получения стали Ст3. Изучено влияние остаточного давления 
в вакуум-камере на скорость дегазации и время всплытия пузырька газа. Габариты вакууматора определены с учетом производительности 
агрегата восстановления железа. Авторы произвели подбор многослойной футеровки, а также провели оценку потерь в окружающую 
среду с учетом конвективного и лучистого теплообмена. 
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Abstract. The increase in consumption of high-quality steel dictates the need for more steel undergoing the vacuum process, since processing the steel 

melt under vacuum improves its properties by reducing gas and non-metallic inclusions in it. However, rising fuel prices and the desire to transition 
to carbon-free metallurgy require the industry to reduce energy intensity and, as a consequence, reduce energy consumption. This can be achieved 
by switching to continuous production, reducing the period of technological downtime of high-temperature equipment, the temperature of which 
must be maintained to increase the lining service life and improve the final product quality. But the transition to continuous steelmaking requires the 
development of a number of new technological units capable of functioning within the framework of the continuous steelmaking unit, including the 
extra-furnace processing unit for the melt. The propose of the work was development of a theoretical basis for extra-furnace processing unit of molten 
steel with a continuous degasser. A unit for extra-furnace processing of steel melt with a continuous U-shaped vacuum degasser is presented, which 
is part of a unit for continuous liquid-phase iron reduction with a capacity of 10 tons per hour for production of St3 steel. The authors studied the 
influence of residual pressure in a vacuum chamber on the rate of degassing and the time of a gas bubble ascent. Dimensions of the vacuum degasser 
were determined taking into account the productivity of the iron reduction unit. A multilayer lining was selected, and losses to the environment were 
assessed, taking into account convective and radiant heat transfer. 

Keywords: energy efficiency, continuous degassing, steel, melt, vacuum, continuous steel making unit, extra-furnace processing, nonblast-furnace iron 
reduction
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 Introduction

The  continuous growth of  industrialization and 
the  global population leads to  an increase in steel con-
sumption. Over the  past 22 years (from 2000 to  2022), 
global steel production has increased annually by an ave
rage of 4 %. Despite a reduction in global steel production 
in 2023, Russia saw a 5.6 % rise in steel output. In 2023, 
global steel production reached 1,888 million tons1. With 
increased production comes increased fuel consumption 
and environmental emissions, particularly greenhouse 
gases such as CO2 . The high concentration of CO2 is one 
of the facto rs contributing to the rise in average surface 
temperatures on Earth  [1; 2]. Therefore, it is important 
to reduce the energy intensity of steel products, including 
improving the energy efficiency of steel production.

The transition to continuous production processes, spe-
cifically through continuous steelmaking units (CSUs), 
can reduce specific energy consumption and harmful 
emissions compared to traditional steel production tech-
nologies  [3 – 5]. However, the  transition to  continuous 
processes requires the development of new components 
and units capable of  operating continuously, including 
extra-furnace steel processing units.

Extra-furnace steel processing refers to a set of tech-
nological operations aimed at producing liquid steel 
of  the  required quality, traditionally carried out out-
side of the steelmaking unit in conventional metallurgy. 
These processes take place outside the primary unit, thus 
increasing the  productivity of the entire technological 
chain. 

Extra-furnace processing of steel improves the quality 
of steel, particularly its mechanical properties, corrosion 
resistance, and other parameters, which is crucial in the 
production of high-quality steels [6; 7]. 

The  scientific novelty of  this work lies in the  deve
lopment of a continuous extra-furnace steel processing 
unit operating within a CSU, incorporating an alloying 
zone and a continuous U-shaped vacuum degasser  [3]. 
The study also involves determining the time of gas 
bubble ascent through analytical and computational 
methods. The practical significance is focused on reduc-
ing the  energy intensity of  steel during extra-furnace 

processing, particularly in the  vacuum degassing pro-
cess, improving lining durability by reducing the number 
of  thermal cycles associated with technological down-
times  [8], and reducing harmful emissions by lowering 
exhaust gas output.

 Objects and methods of research

The object of development is the extra-furnace steel 
processing zone, operating within a continuous steelmak-
ing unit (CSU) with a capacity of  10 tons of  steel per 
hour. It consists of  two main sections: the  deoxidation 
and alloying zone and the degassing zone.

The deoxidation and alloying processes are essen-
tial for achieving the  required composition and quality 
of  steel with the  necessary strength properties. Dur-
ing extra-furnace processing, elements are introduced 
in a  sequence from weakly oxidizing to  strongly oxidi
zing, considering their affinity for oxygen, which helps 
to reduce their oxidation losses. For example, manganese 
oxidation loss can range from 10 to 35 %, silicon from 15 
to 25 %, and aluminum from 60 to 90 %. 

Based on the state of  the elements being introduced, 
alloying can be categorized into  the  following: alloying 
with solid ferroalloys, alloying with liquid ferroalloys, 
and alloying with exothe rmic ferroalloys.

To  determine the  list and quantity of  elements, 
it  is essential to  know the  steel grade being produced. 
The most common steel grade is St3, so the alloying sys-
tem will be developed for the production of St3.

According to  GOST 380–2005 [9] St3 must have 
the following chemical composition:

– carbon content: 0.14 to 0.22 %;
– manganese content: 0.40 to 0.65 %;
– silicon content: 0.15 to 0.30 %.
Since the vacuum degasser being developed is of con-

tinuous operation, a liquid-phase iron reduction unit 
using natural gas [10] with a reduced capacity of 10 tons 
per hour can be used as the source of reduced iron. This 
choice is justified by the existing continuous metal cas
ting system using roll-casting methods. The liquid metal 
exiting the liquid-phase reduction reactor contains 99.9 % 
iron  [10]. The  refore, for the  production of  St3, taking 
into account the affinity of elements for oxygen, the fol-
lowing ferroalloy feeding scheme is proposed: initially, 
ferromanganese is introduced into the  stream of  liquid 

1 World Steel in Figures 2022. Available at URL: https://
worldsteel.org/steel-topics/statistics/world-steel-in-figures-2022/ 
(Accessed: 09.09.2024).
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metal exiting the  reduction unit, followed by  the  intro-
duction of ferrosilicon during degassing. Based on expe-
rience in alloying in traditional metallurgy and the con-
tinuous nature of the process, the additives are proposed 
to be introduced in solid powder form in an argon stream 
under pressure, similar to calcium.

The  reactions taking place are endothermic, so 
to accelerate the degassing process of  the melt, it is re
commended to  increase the  temperature of  the  liquid 
steel to approximately 1600 °C before degassing, either 
by  overheating in the  reduction reactor or using elect
rodes installed in the ferromanganese introduction zone.

 The amount of  alloying component required can be 
determined using the formula

		    	 (1)

where Gl is the mass flow of the alloying component, kg/s; 
Gm is the mass flow of  the metal, kg/s; Ue  is the oxida-
tion loss of the alloying components, %; Ee , Em and El are 
the  alloying component fractions at the  end of  the  pro-
cess, the  beginning of  the  process, and in the  alloying 
components, respectively.

 The  oxidation loss of  the  alloying components is 
assumed to be around 25 %, and it is proposed to intro-
duce ferromanganese FeMn78(B) and ferrosilicon FeSi90.

After the  deoxidation and alloying processes, 
the steel is transferred to a continuous U-shaped vacuum 
degasser [11].

For the developed unit, the internal length of the va
cuum chamber was set at  1200 mm, considering 
the expected lining thickness and the need for a constric-
tion.

Based on the unit’s capacity of 10 tons per hour and 
the  vacuum chamber length, the  width of  the  vacuum 
chamber can be calculated. To do this, the degassing time 
of the melt must be known. One of the factors determining 
degassing time is the ascent time of the gas bubble, which 
depends on its ascent velocity and the height of the melt 
layer. The bubble ascent velocity in Stokes’ mode (Rey
nolds number Re < 1) can be determined by  the  for-
mula  (2). For Reynolds numbers from 10 to  1000, it is 
described by Malenkov’s equation

		           	 (2)

		      	 (3)

where α and β  are numerical constants equal to  one in 
the the oretical derivation; ρ = 7800 kg/m3 is the density 
of the liquid metal at 1400 °C; R is the radius of the gas 

bubble; μ = 0.0064 Pa·s is the viscosity of the steel melt; 
D  is the  diameter of  the  gas bubble; and σ = 1.25  is 
the surface tension coefficient.

Let us assume a characteristic bubble diameter 
of 1 mm.

Inside the  vacuum chamber, a vacuum is created, 
which will affect the  size of  the  ascending bubble. 
The change in diameter depending on the vacuum above 
the melt surface can be determined by the formula 

		            	 (4)

where D0 = 0.001 m is the  characteristic bubble dia
meter; P0 = 101.3 kPa is the atmospheric pressure above 
the melt; and Pabs is the absolute pressure above the melt 
surface. 

Once the flow mode is determined, the bubble ascent 
time can be calculated, taking into account the melt thick-
ness:

			    	 (5)

where h = 0.4 m is the height of the melt layer, assumed 
based on methodological recommendations.

According to studies [12; 13], three stages of bubble 
removal can be distinguished during degassing: gas 
bubble formation, bubble ascent, and bubble removal 
from the melt surface.

The degassing time of  the  liquid metal can be deter-
mined using the equation [12 – 14]

	        	 (6)

where KH = 0.13 min–1 is the hydrogen removal rate con-
stant; [% Hk ] = 1.5 ppm  is the  final hydrogen concent
ration (based on industrial practice); [% Hn ] = 6 ppm  is 
the  initial hydrogen concentration (based on literature 
data); and [% Heq ] = 0.8 ppm is the equilibrium hydrogen 
concentration (Table 1).

Fig. 1 shows the graph of the dependence of the extra-
furnace steel processing time (degassing) on the absolute 
pressure in the vacuum chamber, constructed according 
to equation (6) and data from Table 1.

 The width of the vacuum chamber can be determined 
using the following formula

		              	 (7)

To  ensure a uniform melt flow rate in the  degasser 
and the reduction unit, it is necessary to balance the pres-
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sure at  points on the  same level in the  extra-furnace 
processing zone and at the  entrance of  the  riser pipe in 
the  vacuum chamber. To  achieve this, the  pressure in 
the  riser pipe must be created by the melt layer. Taking 
this into account, the height of the riser pipes should be 
approximately 1.3 m, which is comparable to the dimen-
sions of circulation degasser [15].

Additionally, there should be a clearance between 
the melt surface and the roof since large bubbles formed 
during degassing can carry melt droplets, which may 
damage the lining of the roof.

For ease of maintenance and replacement, the vacuum 
chamber should be a quick-release component of the extra-
furnace processing unit, and it should be equipped with 
nozzles for introducing alloying elements and inert gas, 
which are integrated into the riser pipe.

In cases of emergency shutdowns of the steelmaking 
unit, the design of the degasser must allow for easy drain-

age of the melt inside the vacuum chamber, which is why 
the vacuum chamber must have a slope of at least 3°.

To  ensure uniform rarefaction in the  degasser, 
it  is proposed to  have at least two nozzles connected 
to the vacuum generation system.

Since the developed degasser has a relatively low capa
city of about 10 tons per hour, the most efficient solution 
is to use a vacuum generation system based on mechani-
cal pumps. According to studies [16; 17], using mechani-
cal pumps instead of steam ejector pumps reduces opera-
tional costs (variable costs) by at least 80 %. At the same 
time, capital costs for low-tonnage installations remain 
at the same level as for systems with steam ejector pumps.

The selection of thermal insulation materials was car-
ried out in accordance with the  recommendations from 
the  handbook authored by I.D. Kasheev  [18] as well 
as lining manufacturers 2 and drawings of  existing RH-
degassers. 

Table 2 presents the structure of the vacuum degasser’s 
fencing elements, including the number of  layers, layer 
thickness, and material. The  layers are listed from 
the inside to the outside.

The general design scheme of the fencing structure is 
shown in Fig. 2.

Taking into account Fig. 2, the integral equation that 
allows for the  determination of  the  specific heat flux 
through the fencing structure is as follows:

        (8)

where αsum is the total heat transfer coefficient, consider-
ing both convective and radiative heat and mass transfer, 
measured in W/(m2·°C), and determined by equation (9); 
λ is the thermal conductivity of the lining material, mea-
sured in W/(m·°C), and determined by equation (10); 

Table 1. Equilibrium hydrogen content depending 
on the absolute pressure in the vacuum chamber

Таблица 1. Равновесное содержание водорода 
в зависимости от абсолютного давления 

в вакуум-камере

PH , atm 1.0 0.1 0.01 0.001
[H], ppm 25.6 8.1 2.6 0.8

Table 2. Design of vacuum degasser fencing elements

Таблица 2. Конструкция элементов ограждения вакууматора

Fencing 
element

Number 
of layers

Layer characteristics: material – thickness (mm)
1 2 3

Roof 3 PKhPP – 150 ShL-1.0 – 100 ShVP-350 – 100
Wall 3 PKhPP – 250 ShL-1.0 – 100 ShVP-350 – 100
Floor 1 PKhPP – 500 – –

Fig. 1. Dependence of degassing time on pressure 
above the melt surface

Рис. 1. Зависимость времени дегазации от давления 
над поверхностью расплава

2 RHI Magnesita. The driving force of the refractory industry. 
Available at URL: https://www.rhimagnesita.com/ (Accessed: 
09.09.2024).



Известия вузов. Черная металлургия. 2025;68(1):98–105.
Мурашов В.А., Строгонов К.В. и др. Разработка агрегата внепечной обработки стали непрерывного действия

102

δ is the thickness of the lining layer, measured in meters; 
and t is the temperature, °C.

	              	 (9)

		           λ = k0 + k1 t.	 (10)

The  coefficients for the  equations are presented in 
Tables 3 and 4.

 Results and discussion

According to  formula (1), in order to  produce steel 
of  the  required grade, considering an oxidation loss 
of alloying elements of approximately 25 %, the follow-
ing amounts need to be added: 

– ferromanganese FeMn78(B) – 11.5 kg/ton;
– ferrosilicon FeSi90 – 2.9 kg/ton.
The  manganese content in the  steel will be  0.64 %, 

and the  silicon content will be  0.25 %, which meets 
the requirements for St3 according to GOST [10].

The  bubble ascent velocity, calculated using equa-
tions (2) and (3) as a function of bubble diameter, is pre-
sented in Fig. 3.

From the graph, it follows that the critical gas bubble 
diameter, which satisfies Stokes’ ascent, is  0.1 mm. 
The refore, the velocity of a bubble with a characteristic 
size of 1 mm is described by equation (3). Substituting this 
into equation (4) and using it together with equation (5), we 
determine that the bubble ascent time is 1.3 s. From this, 
we can conclude that the gas bubble ascent velocity is not 
the  determining factor in steel degassing. Consequently, 
according to equation (6) and Fig. 1, the degassing time 
of the liquid metal will be approximately 15.5 min.

Based on the process time and the capacity of 10 tons 
per hour, we calculate the width of the vacuum chamber 
using formula (7), which is 0.7 m.

The  specific heat fluxes through various parts of  the 
fencing elements, along with the  surface tempera-
ture of  the  vacuum degasser, calculated using formulas 
(8) – (10), are presented in Table 5.

The  obtained values of  the  specific heat flux are 
comparable to  those for existing RH-degassers, taking 

Table 3. Approximation coefficients ni 

Таблица 3. Коэффициенты аппроксимации ni 

Fencing 
element n0 n1 n2

Roof 7.09 0.68 0.562
Side wall 7.20 0.56 0.592

Floor 7.20 0.485 0.614

Fig. 2. Calculation of vacuum degasser lining: 
Tin , Tout – temperature on the inner and outer surfaces 

of the fence, respectively; 
Tamb – ambient temperature; 

T1 – temperature between the inner and middle layer of the lining; 
T2 – temperature between the middle and outer layer of the lining; 

δ0 , δ1 , δ2 – thickness of the inner, middle and outer layer of the lining

Рис. 2. Расчетная схема футеровки вакууматора: 
Tin , Tout – температура на внутренней и наружной поверхности 

ограждения соответственно; 
Tamb – температура окружающей среды; T1 – температура между 

внутренним и средним слоем футеровки; 
T2 – температура между средним и наружным слоем футеровки; 

δ0 , δ1 , δ2 – толщина внутреннего, среднего и наружного 
слоя футеровки

Table 4. Properties of fencing materials

Таблица 4. Свойства материалов ограждения

Material Thermal conductivity coefficient, W/(m·°C)
PKhPP 2.5
ShL-1.0 0.35 + 35·10–5t

ShVP-350 0.115 + 9.6·10–5t

Fig. 3. Dependence of bubble ascent velocity 
on diameter under different ascent modes:
1 – Stokes mode; 2 – Malenkov's equation

Рис. 3. Зависимость скорости всплытия пузырька 
от диаметра при различных режимах всплытия:
1 – стоксовый режим; 2 – формула Маленкова
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A schematic drawing of  the vacuum chamber, consi
dering the previously determined internal dimensions and 
lining thickness, is shown in Fig. 4.

According to Fig. 4, the  external surface area of  the 
roof will be 3.6 m2, and the surface area of the side walls 
in contact with the  surrounding environment will be 
7.8 m2. The refore, the heat loss to the environment will 
be around 18.2 kW.

A schematic drawing of  the  extra-furnace processing 
unit for continuous steel melt degassing is shown in Fig. 5.

The  schematic drawings include a system for intro-
ducing alloying elements in an argon stream under pres-
sure into the melt stream 1 and a system for blowing inert 
gas during degassing 2.

 Conclusions

Given the annual increase in steel production, inclu
ding degassed steel, the industry faces the task of impro
ving production efficiency and reducing fuel consump-
tion. Transitioning to  continuous processes, as noted in 
sources [19 – 21] allows for reduced energy consumption 
in processes and lowers the energy intensity of the final 
product.

This paper presents a continuous extra-furnace steel 
processing unit with a capacity of  10 tons of  melt per 
hour, including a U-shaped continuous vacuum degasser. 
The  introduction of  alloying elements for St3 steel was 
considered: ferromanganese is introduced as a  powder 
under pressure into the  melt stream during the  transfer 
from the iron reduction zone to the extra-furnace process-
ing zone, and ferrosilicon is introduced into the vacuum 
degasser together with an inert gas for blowing. The alloy-
ing consumption for producing St3 steel from liquid-
phase reduced iron will be: 

– ferromanganese FeMn78(B) – 11.5 kg/ton;
– ferrosilicon FeSi90 – 2.9 kg/ton.

Fig. 4. Shematic drawing of a vacuum chamber 
(side cut and bottom view) 

Рис. 4. Эскизный чертеж вакуум-камеры 
(разрез сбоку и вид снизу)

Fig. 5. Shematic drawing of an extra-furnace melt processing unit

Рис. 5. Эскизный чертеж агрегата внепечной обработки расплава

Table 5. Specific heat flux for fencing elements

Таблица 5. Удельный тепловой поток 
для элементов ограждения

Fencing 
element

Specific heat 
flux, kW/m2 Surface temperature, °C 

Roof 1662 122
Side wall 1561 119

into  account radiative heat exchange. The  specific heat 
flux for the floor of the vacuum chamber was not deter-
mined, as the  vacuum chamber floor does not directly 
contact the surrounding environment.
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It is proposed to  create a vacuum in the  vacuum 
chamber using mechanical vacuum pumps, as compared 
to  steam ejector systems, capital and operating costs, 
including energy resource consumption, will be lower.

The degassing time of the melt will be about 15.5 min 
with a melt layer height of 0.4 m, and the internal width 
and length of the vacuum chamber will be 0.7 and 1.2 m, 
respectively. The total heat loss to the environment through 
the roof and side walls, considering the multilayer lining, 
will be 18.2 kW, with no losses accounted for through 
the floor, as it does not contact the surrounding environ-
ment. The external surface temperature of the roof will be 
122 °C, and the side walls will be 119 °C. 
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